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A bstract
We look for evidence of intra-jet and inter-jet coherence effects, required by QCD, in the 
hadronisation of quark-antiquark and quark-antiquark-gluon jet events at LEP using the L3 
detector. We compare our data with Monte Carlo models which include the coherence effects 
and those which do not. Our data agree well with Monte Carlo models which include coherence 
effects while models without coherence effects do not agree with our data.
1. In troduc tion
The hg4r°nization °f a quark-antiquark pair is currently 
thought to proceed via the radiation of gluons from the 
quarks and subsequent gluons. QCD implies that this 
parton radiation be coherent. This coherence effect, 
known as intra-jet coherence, can be incorporated into 
Monte Carlo programs as angular ordering whereby 
successive branchings occur at smaller angles with 
respect to the parent parton direction[l, 2, 3] and 
has been incorporated in the Monte Carlo programs
HERWIG JETSETand ARIADNE.
The idea of local parton hadron duality (LPHD)[5] 
suggests that features at the parton level survive the 
hadronization process, We can therefore expect that 
the angular ordering of the parton radiation will be 
reflected in angular ordering of the observed particles. 
This suggests that we examine variables based on the 
angles between particles. We therefore examine a 
variable analogous to the well known energy-energy 
correlation[6] by removing the energy weighting which 
places emphasis on the earliest branchings in the parton 
shower so that the whole perturbative parton shower is 
considered.
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PPCA(x) =  PPC(180° - x ) -  PPC(x) (2 )
We call these variables the particle-particle correlation 
(PPC) and its asymmetry (PPCA)[7].
At y/s =  Mzi the fraction of two-jet events is very 
high. Therefore let us consider for now only two-jet 
events. Then particles in different jets will in general 
be separated by an angle x  greater than 90°. The PPC 
can therefore serve as an indication of what to expect 
within a jet in the absence of angular ordering (or other 
short-range angular correlations). The effects of angular 
ordering should therefore be observable in the PPC A.
Inter-jet coherence effect occurs in three jet events 
where a quark(anti-quark) radiates a hard gluon which 
initiates the third jet. In the terminology of the LUND 
string fragmentation modeI[8] this effect is understood 
as a string stretched from quark to anti-quark and 
the gluon appears as a kink on this string giving it a 
boost in the direction of the gluon. The subsequent 
fragmentation of this string boosts the particles in the 
region between quark and gluon jets resulting in a 
depletion of particle and energy flow in the inter-jet 
region between quark and anti-quark jets. This effect 
has come to be known as the String Effect.
Events in which there is a hard photon radiated by 
one of the primary quarks resembling in kinematics with 
qqg events can be used as a benchmark for measuring 
particle and energy flow in qqg events. The only 
difference in such events and qqg is that the gluon which 
is a coloured object is replaced by a photon which is 
colourless and thus no coloured string is stretched from
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quark/anti-quark to the photon. Particle and energy 
flow can be calculated by projecting the particle on 
the event plane. By comparing the particle and energy 
flow in the region between quark and anti-quark jets 
in qqg and qq7  events we expect the qqg events to 
show a depletion as compared to qq7  events. All results 
presented here are preliminary.
2. Intra-jet C oherence
The data sample used for this analysis was collected by
L3 during the 1991 running period of LEP.
Hadronic events are preselected by passing them 
through the standard hadronic event selection criteria 
and then the final selection is made from the resulting 
sample using selection criteria based on information 
about the charged particle track in our detector. The 
PPC is calculated using the charged particles and 
is corrected for detector effects, which have been
determined using the JETSET, HERWIG, and COJETS
Monte Carlo generators and the standard L3 detector 
simulation. The PPCA distribution is calculated from 
the corrected PPC distribution and compared to Monte 
Carlo models, all of which have been tuned to reproduce 
satisfactorily standard one-dimensional distributions.[9] 
The PPCA distributions for angular ordered models is 
strikingly different from those of non-angular ordered 
models, particularly for angles smaller than about 50*, 
a region comparable to the angular size of a jet. It 
has been checked that this difference is much larger 
than variations introduced by uncertainty in various 
Monte Carlo parameters. Also the difference cannot 
be explained by the Bose-Einstein effect, as was found 
by varying the appropiate parameters of JETSET. The 
Bose-Einstein effect is, of course, greatest at small 
angles where also detector corrections are the least well 
understood. For these reasons the comparison of data 
with the models for x  below 10 or 15 degrees is difficult 
to interpret.
The comparison with models incorporating angular 
ordering, namely, JETSET 7.3[10], HERWIG 5.6 [11] and 
ARIADNE 4.4[12], is shown in figure 1; the comparison 
with non-angular ordered models, JETSET 7.3 and 
COJETS 6.23[13], is presented in figure 2 .
The PPCA in parton shower models which incor­
porate colour coherence is strikingly different from that 
in parton shower models lacking it. Data from the L3 
experiment strongly favour the coherent models.
3. Inter-jet C oherence
For the inter-jet coherence effect studies, we select the 
hadronic events from the data collected during the 1991 
and 1992 running period of LEP. We again use the 
standard L3 cuts on calorimetric quantities to select
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Figure 1 . Comparison of the PPCA for L3 data with Monte 
Carlo models which incorporate angular ordering. The band 
indicates the systematic uncertainty on the data points due to 
unfolding of detector effects using different Monte Carlo modela .
hadronic events.
To select the 3 jet events, we use the JADE 
algorithm [14] to reconstruct jets with a Ycut of 0.05. 
We identify the gluon jet in qqg events using 2 different 
methods which give us different gluon purity, In the 
first method, called energy ordering method, we order 
the jets in energy and the least energetic jet is taken to 
be the gluon jet. This method gives a gluon jet purity 
of 74 %. In the second method, the most energetic 
jet is taken as a quark jet and the second quark jet 
is identified with a muon of momentum greater than 
4 GeV. A gluon jet purity of 85 % is obtained using 
this method. To identify prompt photons with energy 
greater than 4 GeV, we use shower shape analysis and 
isolation criteria* The background to prompt photons 
comes mostly from neutral pion decays into two photons 
and is estimated to be 1-2 % from Monte Carlo studies 
using JETSET and HERWIG programs.
Care is taken that the qq systems be directly 
comparable. The event selection is done in such a way 
that the two samples are kinematically similar, i.e., 
that the energy distributions of the 7  and g are the 
same and that the distributions of the angles between 
the jets in the events are similar. Figure 3 shows the 
distributions of ener i^^s and angles between jets for the 
7  and g samples. The difference in figure 3a is due to
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F igure 3. Comparison for L3 of (a) the angle between jet 3 
(g or 7 ) and the plane defined by the q and q jets; (b) the energy 
of jet 3; (c) the angle between the q and q jets; (d) the angle 
between the most energetic jet and jet 3.
F igure 2 . Comparison of the PPCA for L3 data with Monte
Carlo models which do not incorporate angular ordering. The 
band indicates the systematic uncertainty on the data points due 
to unfolding of detector effects using different Monte Carlo 
models.
better angular resolution for the 7  than for the g jet. 
To compensate for this we impose a cut on this angle 
of 8 ° for qq7  whereas a cut of 10° is used for the qqg 
selection. Also the orientation of the events within the 
detector is similar; this minimizes systematic detector 
effects in the comparison.
The particle (and energy) flows are compared in 
figure 4 as function of the angle in the event plane as 
measured from the most energetic jet (O6) towards the 
second quark jet (~  160°). The string effect is seen as a 
relative depletion of particle (and energy) flow for qqg 
as compared to qq7  in the region between the two quark 
jets. We also show the flows in the qq centre of mass 
in figures 4 (c)&(d). To quantify the effect, we define 
ratios of integrals of energy flow Re and particle flow 
Rn in the region sensitive to the string effect as:
R b
£(qqg)
£(qq7)
^(qqg)
N (  qq7)
(3)
(4)
We chose the range of integration for these
distributions between 54° and 135° and we obtain values 
R e =  0.821 ±  0.053 and R n  =  0.828 ±  0.040 for energy 
and particle flow, respectively. If instead of energy 
ordering, the lepton tag is used, the values of the ratios
decrease: R n  =  0.757 ±  0.042 and R e =  0.759 zb 0.056.
The ratio is significantly less than the value 1 in all cases 
and decreases with higher gluon identification purity 
in line with expectation. The CO JETS Monte Carlo, 
which is incoherent with independent fragmentation ,and 
therefore should produce no string effect gives R m =
1.046 ±  0.062 and Rß  = 1.09 ±  0.08.
We also make comparisons with the coherent Monte
Carlo models HERWIG, JETSET, and ARIADNE, which
all produce a string effect, as measured by the above 
ratios, of the same magnitude as found in the data. 
However we note some small differences in the values 
of the particle and energy flows themselves.
4. Conclusions
The par tide« particle correlation asymmetries in parton 
shower models which incorporate colour coherence are 
strikingly different from those in parton shower model 
lacking it. Data from the L3 experiment strongly favour 
the coherent models.
We observe a depletion of particle and energy flow 
in qqg events as compared to qq7  events, a signature of 
the inter-jet string effect. Monte Carlo models including 
coherence effects reproduce the effect observed in our 
data while the models lacking this effect do not.
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